Activated microglia and reactive astrocytes are commonly found in and around the senile plaque, which is the central pathological hallmark of Alzheimer's disease. Astrocytes respond to neuronal activity through the release of gliotransmitters such as glutamate, D-serine, and ATP. However, it is largely unknown whether and how gliotransmitters affect neuronal functions. In this study, we explored the effect of a gliotransmitter, ATP, on neurons damaged by ␤-amyloid peptide (A␤). We found that A␤ 1-42 (A␤42) increased the release of ATP in cultures of primary astrocytes and U373 astrocyte cell line. We also found that exogenous ATP protected A␤42-mediated reduction in synaptic molecules, such as NMDA receptor 2A and PSD-95, through P2 purinergic receptors and prevented A␤42-induced spine reduction in cultured primary hippocampal neurons. Moreover, ATP prevented A␤42-induced impairment of long-term potentiation in acute hippocampal slices. Our findings suggest that A␤-induced release of gliotransmitter ATP plays a protective role against A␤42-mediated disruption of synaptic plasticity.
Introduction
Alzheimer's disease (AD) is a progressive and irreversible neurodegenerative disorder that leads to cognitive dysfunction, memory impairment, and emotional disturbance in elderly persons (McKhann et al., 1984) . The extracellular senile plaques, one of pathological hallmarks of AD brain, consist in large part of ␤-amyloid (A␤) peptide (Yankner, 1996) , surrounded by activated microglia, reactive astrocytes, dystrophic neurites, and degenerating neurons (Wísniewski et al., 1989; Selkoe, 2000) .
Astrocytes are the major glial cell subtype and the most numerous cells in the CNS (Raff et al., 1983) . Astrocytes are important partners of neighboring cells, including neurons, vascular cells, and other glial cells. They do not play a mere structural or metabolic supportive function but rather are active participants in the regulation of neuronal activity in the brain. One of the central functions of astrocytes is the release and uptake of gliotransmitters/neurotransmitters in the neuronal synaptic cleft (Kimelberg et al., 1997) . Gliotransmitters are chemicals released from glial cells (Halassa et al., 2007) ; astrocytes directly activate neuronal receptors by releasing gliotransmitters such as glutamate (Parpura et al., 1994) , D-serine (Mothet et al., 2005) , and ATP (Coco et al., 2003) . Glutamate released from astrocytes is known to exert numerous effects on neuronal excitability (Angulo et al., 2004; Fellin et al., 2004; Kozlov et al., 2006) , whereas astrocyte-derived D-serine contributes to modulation of postsynaptic NMDA receptor-mediated synaptic plasticity (Yang et al., 2003; Panatier et al., 2006) . In contrast, astrocyte-derived ATP is a significant extracellular signaling molecule and an endogenous ligand for the purinergic receptor that modulates synaptic transmission, either directly or through ATP metabolic product adenosine (Gordon et al., 2005; Pascual et al., 2005) . Astrocyte-derived ATP increases the amplitude of miniature EPSCs through the activation of postsynaptic purinergic receptors (Gordon et al., 2005) . In contrast, astrocyte-derived ATP in the hippocampus contributes to GABAergic neuron-mediated heterosynaptic depression of synaptic transmission Bowser and Khakh, 2004) . This suggests that astrocytes may differentially modulate neuronal activity by releasing different gliotransmitters and that a given gliotransmitter may have different effects depending on the target neuron or synapse.
Activated astrocytes are found around senile plaques containing A␤ peptide in the AD brain and in mouse models of AD, suggesting potential interactions between astrocytes and senile plaques (Akiyama et al., 2000; Wegiel et al., 2000) . However, the role of gliotransmitters, particularly ATP, in the pathogenesis of AD is unclear. We therefore examined whether ATP modulates synaptic activity.
We found that A␤-related synaptic alteration is prevented by gliotransmitter ATP; A␤ 1-42 (A␤42)-induced disruption of synaptic plasticity, including disruption of synaptic protein levels, dendritic spine density, and long-term potentiation (LTP), was restored by ATP. Furthermore, we found that the protective role of ATP is mediated by the P2 purinergic receptor signaling pathway. Together, these observations suggest that ATP plays a protective role against synaptic dysfunction caused by A␤42. Thus, neuron-astrocyte crosstalk via gliotransmitter ATP might play an important role in synaptic modulation.
Materials and Methods
Chemicals. ATP, adenosine 5Ј-[␥-thio] triphosphate (ATP␥S), and PPADS (pyridoxal phosphate-6-azophenyl-2Ј,4Ј-disulphonic acid; a P2X purinergic receptor antagonist) were purchased from Sigma-Aldrich. A␤ 1-42 synthetic peptide was purchased from American Peptide.
Electrophysiology. Field EPSPs (fEPSPs) were recorded from acute hippocampal slices (400 m thick) obtained from 3-4 month-old male C57BL/6 mice. Acute hippocampal slices were placed in oxygenated (95% O 2 , 5% CO 2 ) artificial CSF (aCSF) at 37°C for Ͼ1 h and maintained in a chamber continuously perfused with oxygenated aCSF. The fEPSPs were recorded in the striatum radiatum of the CA1 subfield by the 3 M NaCl-filled microelectrodes (3-5 MOhm) while the Schaffer collateral afferent fiber was stimulated with a bipolar concentric electrode. Test fEPSPs were evoked by the stimulation intensity that yielded one-third of the maximal fEPSP responses at a frequency of 0.033 Hz, and LTP was induced by five episodes of theta burst stimulation (TBS) that were delivered at 0.1 Hz. In each episode, 10 trains of stimulation consisting of four pulses at 100 Hz were delivered at 5 Hz. The data were acquired through Axopatch 200A amplifier and Digidata 1200 (Axon Instrument).
Cell line and cultures. The human astroglioma U373 cells (ATCC number: HTB-17) were cultured in DMEM containing 10% fetal bovine serum and 0.1 mg/ml penicillin and streptomycin (P/S; Sigma-Aldrich) at 37°C in humidified 5% CO 2 incubator. U373 cells were plated onto 96-multiwell plates (20 ϫ 10 3 cells in 0.1 ml of culture medium per well) for ATP measurement.
Primary astrocyte cultures. Astrocytes were prepared from cortices of newborn (1-d-old) ICR mice as previously described (McCarthy and de Vellis, 1980; Benavides et al., 2005) . The cells were dissociated gently by several passages and grown in DMEM supplemented with 10% fetal bovine serum and 0.1 mg/ml P/S (Sigma-Aldrich) at 37°C in humidified 5% CO 2 incubator for 10 -14 d. After trypsinization, the cells were plated onto 96-multiwell plates (50 ϫ 10 3 cells in 0.1 ml of culture medium per well). Primary hippocampal neuron cultures. Primary hippocampal neurons were prepared from newborn (1-d-old) ICR mice and E18 Sprague Dawley rat embryos, as described previously (Brewer et al., 1993) , but with some modifications. The neurobasal medium to which B27 supplement (Invitrogen), L-glutamine (0.5 mM), and 0.1 mg/ml P/S (Sigma-Aldrich) were added was changed every 3 d. The experiments were performed in cultures at 21 d in vitro (DIV).
Western blot. The hippocampal neurons were homogenized in RIPA buffer containing protease inhibitor mixture (Sigma-Aldrich). Homogenated protein samples were separated on 8% SDS-PAGE gradient gels. Measurement of ATP release. Extracellular ATP in the culture medium of astrocytes was measured with a luciferin-luciferase bioluminescence assay kit (Invitrogen) and luminometer (Infinite M200, Tecan).
Phalloidin staining. After two washes with prewarmed PBS, cells were fixed in 4% paraformaldehyde in PBS for 10 min at room temperature (RT), then incubated in 0.1% Triton X-100 in PBS for 3-5 min. After another washing, cells were stained with Alexa Fluor 488-phalloidin fluorescent phallotoxin (Invitrogen) in PBS for 20 min at RT. Stained cells were visualized by laser scanning confocal microscopy (LSCM; Olympus Fluoview 300).
Quantitative spine density analysis. Images of phalloidin-stained rat primary hippocampal neurons were captured by LSCM (Olympus Fluoview 300), and dendritic spines were identified as small protrusions. The density of the dendritic protrusions (0.4 -2.5 m) was measured from 10 to 30 dendrites of three to six neurons and calculated by quantifying the number of spines per unit length of dendrite and normalized per 10 m of dendrite length.
Data analysis and statistics. Data are presented as mean Ϯ SEM. Differences between groups were evaluated by one-way ANOVA with Tukey's multiple-comparisons test using GraphPad Prism 5 software. Significance was accepted at p Ͻ 0.05. 
Results

A␤42 increased release of ATP from primary astrocytes and U373 astrocyte cell line
Astrocytes exhibit spontaneous calcium oscillations that can induce the release of glutamate as a gliotransmitter (Halassa et al., 2007) . A␤ also disrupts fluctuations in calcium signaling in cultured astrocytes (Stix and Reiser, 1998; Abramov et al., 2003; Chow et al., 2010) . To examine whether A␤42 treatment affects release of ATP from astrocytes, cultures of primary astrocytes and U373 cells were treated with various concentrations of A␤42 for 3 h, and extracellular ATP concentrations in the culture media were assayed with the luciferin-luciferase enzyme system noted above. With A␤42 treatment, release of ATP increased significantly in both cultured primary astrocytes and U373 cells (Fig. 1, A and B , respectively), indicating that ATP is released from A␤42-activated astrocytes.
ATP prevented A␤42-mediated dendritic spine loss in primary hippocampal neurons Because dendritic spine density is associated with synaptic plasticity, learning, and memory (Collin et al., 1997) , we investigated the effects of ATP on dendritic spine density in rat primary hippocampal neurons. Cultured hippocampal neurons (21 DIV) were treated with A␤42 for 48 h or pretreated with ATP for 30 min before A␤42 treatment. Spines were labeled with green fluorescent Alexa Fluor 488-phalloidin dye. Dendritic spine density was measured at selected segments by means of confocal microscopy ( Fig. 2A,B) . Dendritic spine density was significantly decreased in the A␤42-treated primary hippocampal neurons versus control neurons (Fig. 2C) . In contrast, pretreatment of the hippocampal neurons with ATP exhibited protective effects on A␤42-mediated reduction of dendritic spine density.
ATP restored A␤42-induced reduction of LTP in hippocampal slices
LTP and dendritic spine density correlate with neuronal synaptic plasticity (Geinisman et al., 1991; Moser et al., 1994; Geinisman, 2000) . Previous studies have shown that acute treatment with synthetic A␤ peptides inhibits hippocampal LTP in vitro and in vivo (Cullen et al., 1997; Lambert et al., 1998; Chen et al., 2000) . To examine whether ATP protects against A␤-induced LTP reduction in hippocampal slices, A␤42 (200 nM) or ATP (5 M) was perfused into the slice chamber during basal response recording. Basal fEPSP was not affected (data not shown). When TBS was delivered following perfusion with A␤42, synaptic potentiation was significantly impaired 60 min after TBS (106.31 Ϯ 7.04%, n ϭ 6), as previously reported (Chen et al., 2000) . This did not occur in the control group (168.23 Ϯ 8.96%, n ϭ 7; Fig. 3A) . However, exposure to ATP alone did not affect basal synaptic transmission or LTP (161.96 Ϯ 8.42%, n ϭ 8; Fig. 3A) . Importantly, cotreatment of A␤42 and ATP prevented the A␤42-induced reduction in LTP, indicating a protective role of ATP against A␤42 (Fig. 3A) . The protective role of ATP was observed in both the early (10 min post-tetanus) and late (60 min post-tetanus) (top) . B, C, Potentiation of fEPSP at 10 (B)or60(C) min after TBS. The gray bar indicates the aCSF (control) or chemicals (A␤42, A␤42ϩATP, ATP) infusion for 20 min before TBS. p values were calculated using one-way ANOVA followed by a Tukey's multiple-comparison test. *p Ͻ 0.01 or ***p Ͻ 0.001 versus control group; # p Ͻ 0.05 versus A␤42-treated group. D, Effects of A␤42 on dendritic spine density at low concentration (200 nM). Primary rat hippocampal neurons (21 DIV) with or without ATP pretreatment (30 min) were exposed to A␤42 for 48 h. Phalloidin Alexa-488 (green) was used to visualize dendritic spines. E, Magnified images of the areas marked with dotted lines in D. F, Quantification of spine density in dendritic segments. Statistical significance was analyzed by one-way ANOVA followed by a Tukey's multiple-comparison test. ***p Ͻ 0.001 versus vehicle (control) group; ### p Ͻ 0.001 versus A␤42-treated group. Scale bar, 10 m.
phases of potentiation (Fig. 3, B and C, respectively). In addition, we investigated the effects of lower concentrations of A␤42 (200 nM) on dendritic spine density in rat primary hippocampal neurons. As expected, A␤42 dramatically reduced dendritic spine density at 200 nM concentration in the primary rat hippocampal neurons compared to control (Fig. 3D-F) ; we also observed reduction of synaptic molecules, NR2A and PSD-95, by treatment of lower A␤42 concentration (200 nM) in the mouse hippocampal neurons (data not shown). These data indicate that A␤42 could act to regulate synaptic activity at low dose.
ATP prevented A␤42-induced reduction of synaptic molecule levels in cultured primary hippocampal neurons
Because ATP prevented the A␤-induced LTP reduction, changes in the levels of synaptic molecules such as the NMDA receptor, which is known to regulate synaptic plasticity (Collingridge et al., 1983; Elgersma and Silva, 1999) , and PSD-95, a brain-specific scaffolding protein, were examined. PSD-95 interacts with NMDA receptor subunits NR2A and NR2B and regulates synaptic transmission and plasticity (Kornau et al., 1995; Béïque and Andrade, 2003) . NMDA receptor 2A (NR2A) and PSD-95 levels decreased in hippocampal neurons (21 DIV) cultured with A␤42 (2 M) for 48 h (Fig.  4 A-C) , but the NMDA receptor 1 (NR1) level did not change (Fig. 4 A, D) . To test whether ATP protects neurons from A␤42-induced decreases in synaptic molecules, we pretreated primary hippocampal neurons for 30 min with ATP (10 M) before adding A␤42. ATP prevented the effect of A␤42 on synaptic molecules. ATP treatment before addition of A␤42 did not reduce the level of NR2A or PSD-95 (Fig.  4) . We performed experiment with the nonhydrolysable ATP analog ATP␥S to provide strong evidence that ATP, not its metabolites, play a protective role in the A␤42-induced synaptic alteration (Fig. 4 E, F ) . Pretreatment of hippocampal neurons with ATP␥S (20 M) before A␤42 stimulation also had protective effect on the A␤42-stimulated reduction of NR2A and PSD-95 levels (Fig. 4 E, F ). In accordance with ATP, we observed that A␤42-induced reduction of synaptic molecules was restored by ATP␥S. Together, these data indicate that ATP can protects against the decrease in neuronal synaptic molecules in response to A␤42.
ATP prevented A␤42-induced decrease in synaptic molecules via P2 purinergic receptor Extracellular ATP plays an important role in cellular signaling via P2 type-purinergic receptors (Kanjhan et al., 1996) , which are categorized into ionotropic P2X ligand-gated ion channels and metabotropic P2Y G-protein coupled receptors (Bogdanov et al., 1998; Ralevic and Burnstock, 1998) . Hippocampal neurons express both P2X and P2Y purinergic receptors. PPADS is a nonselective (but nonuniversal) P2 receptor antagonist and does not block P1 receptor (Lambrecht, 2000; Lambrecht et al., 2002) . To determine whether ATP prevents A␤42-mediated decrease in synaptic molecules by purinergic receptor signaling, we treated primary hippocampal neurons with PPADS before addition of extracellular ATP. Even though ATP prevented the A␤42-induced decreases in synaptic proteins such as NR2A and PSD-95 (Fig. 4 A) , treatment of PPADS inhibited the protective effect of ATP on NR2A and PSD-95 (Fig. 5A, lane 4) , strongly suggesting that ATP prevents A␤42-induced reduction of synaptic proteins levels via P2 type-purinergic receptor signaling.
Discussion
Our study provides strong evidence that a gliotransmitter ATP can act against A␤-induced alteration of synaptic plasticity. First, A␤42 increased ATP release from cultured primary astrocytes and human astroglioma U373 cell lines. Second, ATP protected . A␤42-mediated reduction in NR2A and PSD-95 protein levels was prevented by ATP pretreatment. The NR1 protein level was not changed. Statistical significance was analyzed by one-way ANOVA followed by a Tukey's multiple-comparison test. **p Ͻ 0.01 and ***p Ͻ 0.001 versus vehicle (Veh; control) group (n ϭ 6); # p Ͻ 0.05 and ## p Ͻ 0.01 versus A␤42-treated group (n ϭ 6). E, Effect of ATP␥S (20 M) on A␤42-mediated reduction of synaptic proteins, NR2A and PSD-95. Primary hippocampal neurons (21 DIV) pretreated with or without ATP␥S for 30 min were exposed to A␤42 for 48 h. F, Quantification of the results in E. Values are means of four independent experiments ϮSD. Statistical significance was tested by one-way ANOVA followed by a Tukey's multiplecomparison test. **p Ͻ 0.01 and ***p Ͻ 0.001 versus vehicle (control) group; # p Ͻ 0.05 versus A␤42-treated group.
A␤42-mediated dendritic spine loss in primary hippocampal neurons. Third, ATP rescued A␤42-mediated disruption of LTP in hippocampal slice. Fourth, ATP restored A␤42-mediated reduction of synaptic proteins through P2 purinergic receptor. These results provide converging evidence for protective roles of ATP against A␤-induced impairment of synaptic plasticity. Previous studies on the mechanism underlying A␤ toxicityassociated neuronal death are generally limited to neuronal cells. The most abundant type of glial cell in the CNS is the astrocyte. Astrocytes were originally thought to play a passive role in supporting neuronal cells; however, studies over the last decade have indicated that astrocytes also play active roles in numerous aspects neuronal functions, including synaptic plasticity. Despite the importance of astrocytes in the CNS, the molecular mechanism of interaction between neurons and astrocytes are largely unknown. Calcium signaling in astrocytes is important for astrocyte-neuron communication in the brain (Araque, 2008) . Altered neuronal calcium homeostasis is a prominent feature of AD, and A␤ can significantly disrupt intracellular calcium homeostasis in the neurons. Several recent studies showed that A␤ alters astrocytic calcium signaling and gliotransmitter release. Kuchibhotla et al. (2009) reported calcium waves in astrocytes of the APP/PS1 transgenic mouse brain that contains cortical plaques. A␤ 25-35 -treated microglia and astrocytes exhibit an increase in glutamate and ATP release (Orellana et al., 2011) . Therefore, A␤42-induced ATP release from astrocytes is likely due to altered astrocytic calcium oscillations (Fig. 1) . A␤42-induced LTP reduction has been reported previously (Walsh et al., 2002; Wang et al., 2004; Zhao et al., 2004) . Thus, we examined whether ATP can prevent the LTP reduction in the presence of A␤42. As shown in Figure 3 , A␤42-induced LTP reduction was prevented by ATP at 10 and 60 min after TBS. Because spine formation is strongly associated with neuronal synaptic plasticity and LTP, we explored the effect of the ATP on the density of dendritic spines. However, the effect of gliotransmitter ATP alone on neurons is difficult to explore because astrocyteconditioned media contain various types of chemicals including ATP, glutamate, proinflammatory cytokines, and chemokines. To examine the pure effect of ATP on neuronal activity and avoid the effects of other astrocyte-derived factors such as glutamate, cytokines, and chemokines, we used primary hippocampal neuron cultures treated with extracelluar ATP. We observed that A␤42-mediated reduction of dendritic spine density is also significantly restored by pretreatment with ATP (Figs. 2, 3D-F ) .
Together, these results demonstrate a protective role of the ATP against altered synaptic plasticity by A␤42.
NMDA receptor is a well known key molecule for regulating synaptic plasticity and memory function. It is a heterotetramer complex consisting of 2 NR1 and 2 NR2 subunits (Monyer et al., 1992; Nakanishi, 1992; Ishii et al., 1993) and it plays an important role in the pathophysiology of AD (Hynd et al., 2004) . NR2A and NR2B are predominant forms of NR2 NMDA receptor subunits. PSD-95, a postsynaptic scaffolding molecule, is reported to interact with NR2A via the PSD-95/discs large/zona occludens-1 domain (Niethammer et al., 1996) , suggesting that changes in NR2A and PSD-95 may follow a similar pattern. As expected, A␤42-mediated reduction in NR2A and PSD-95 was prevented by ATP (Fig. 4) . We also observed that ATP protects against A␤42-mediated reduction in synaptophysin, a synaptic vesicle glycoprotein, for synaptic transmission in primary hippocampal neurons (data not shown). Extracellular ATP acts as a signal that regulates a variety of cellular processes via binding to P2 purinergic receptors (Burnstock, 1997) . The P2 purinergic receptors comprise seven P2X receptor subunits (P2X 1-7 ), which are ligand-gated ion channels (North, 2002) , and eight metabotropic P2Y receptors (P2Y 1, 2, 4, 6, 11, 12, 13, 14 ) , which are G-protein-coupled receptors (Lazarowski et al., 2003) . P2X receptor subunits are widely expressed in neurons as well as glial cells (Rubio and Soto, 2001; North, 2002) . P2X receptors mediate fast synaptic responses to ATP, whereas P2Y receptors cause slow changes of the membrane potential in neurons (Khakh, 2001; Robertson et al., 2001; Burnstock and Knight, 2004; Illes and Alexandre Ribeiro, 2004) . When primary hippocampal neurons were treated with PPADS, ATP did not prevent A␤42-induced reduction of synaptic molecules (Fig. 5) , indicating that P2 receptor mediates protective role of ATP at the neurons. In vitro, PPADS has been shown to block homomeric P2X1, P2X2, P2X3, P2X5, and P2Y1 receptors as well as heteromeric P2X2/3 and P2X1/5 receptors. PPADS, however, does not block homomeric P2X4, P2X6, P2X7, P2Y2, P2Y4, P2Y6, or P2Y11 receptors (Ralevic and Burnstock, 1998) . Further studies are needed to clarify the involvement and the exact subtype of P2 receptor. Extracellular ATP is initially converted by ectonucleotidases to ADP or AMP, which are further hydrolyzed to adenosine (Zimmermann, 1994) . Adenosine is a signaling molecule that regulates cellular activity in the CNS through P1 purinergic receptor (Kaster et al., 2004; Daré et al., 2007) . To exclude the effect of adenosine, we used ATP␥S, a nonhydrolyzable ATP analog. In accordance with ATP, A␤42-induced reduction of synaptic molecules was restored by ATP␥S (Fig. 4 E, F ) and PPADS blocks P2 receptors but not P1 receptors (Lambrecht, 2000) .
Our data collectively suggest that ATP from astrocytes regulates synaptic plasticity through activation of P2 purinergic receptors. Furthermore, this effect significantly regulates NR2A and PSD-95 levels, hippocampal dendritic spine density, and LTP. Given the critical involvement of both astrocytes-derived ATP and synaptic plasticity in neurons, the molecules controlling the release of gliotransmitters may provide therapeutic targets for treating AD.
